• A high frequency of RAS/RAF mutations and recurrent mutations in PDGFRA and JAK3 were found in relapsed multiple myeloma patients.
Introduction
Myeloma patients exhibit significant variation in clinical course and survival. Although myeloma is generally considered incurable, clinical disease staging systems and gene-expression classifiers identify patients with notably better or worse prognoses. [1] [2] [3] [4] The introduction of new therapies including bortezomib, thalidomide, and lenalidomide have improved patient survival, 5 but outcomes still vary significantly. Tumor heterogeneity is a key factor influencing this variation 2, 6 and genomic analyses have highlighted 6 to 10 distinct biological subtypes of myeloma. 4, 6 One study reporting whole-genome mutational analyses in 38 myeloma patients identified somatic mutations in wellcharacterized oncogenes (KRAS, NRAS, BRAF), as well as mutations not previously reported in myeloma or other tumors (ie, XBP1, FAM46C, DIS3). 7 In most tumor types exhibiting mutation of a RAS gene family member (HRAS, KRAS, or NRAS), the mutational activation of 1 member predominates. 8 In solid tumors, including colorectal, 9 lung, 8 and pancreatic cancer, 8 KRAS is mutated much more frequently than NRAS; the reverse is true in some hematologic cancers such as acute lymphoblastic and chronic myelomonocytic leukemias, and Hodgkin lymphoma. 8, 10 Myeloma does not exhibit such predominance; instead, there appears to be high and approximately equal rates (;20%) of KRAS and NRAS mutation.
Although much is known about RAS signaling biology, specific functions distinguishing the 3 RAS family members are not fully understood. The genes exhibit differences in structure and expression pattern, while the proteins can have distinct subcellular localizations that are influenced by a short, highly-divergent C-terminal sequence. 8, 13 The normal functions of RAS family members in the mouse are not redundant; KRAS is required to complete midgestation development, 14 while mice lacking both NRAS and HRAS reach adulthood. 15 These and other mouse models also highlight the similar functions of RAS family members; HRAS can replace KRAS function in mouse development if expressed from the KRAS locus, 16 and NRAS mutants die in utero if 1 wild-type KRAS allele is deleted indicating that KRAS compensates for loss of NRAS function in normal mouse development.
14 Mutational analyses also suggest that oncogenic forms of RAS family members activate similar cellular pathways. BRAF mutations are mutually exclusive to KRAS and/or NRAS mutation in various tumors including melanoma and colorectal cancer, 7, 17, 18 suggesting each RAS family member provides a similar oncogenic signal to the RAF/MAPK pathway. This is further supported by analysis of the subset of cancers that mutate multiple RAS family members, including acute lymphoblastic leukemia, 19 myeloma, 7, 12 and thyroid cancer 20 ; in each of these, mutations in 1 family member (NRAS, HRAS, or KRAS) are mutually exclusive to mutations in the other family members. 8 Myeloma may be a particularly appropriate setting in which to study the clinical 11, 12 and cellular 21 functions of the different RAS family genes because NRAS and KRAS are both known to be mutated at a high frequency.
We assayed a panel of known cancer genes, including NRAS, KRAS, and HRAS, in a cohort of relapsed myeloma patients who were treated in phase 2 or 3 studies of the proteasome inhibitor bortezomib. We report both the mutation spectrum in 133 myeloma cases and associations between mutations and clinical outcome.
Patients and methods
Clinical studies, and sample collection and enrichment DNA from bone marrow aspirates was available for 133 myeloma patients who participated in bortezomib clinical trials, [22] [23] [24] including the phase 3 Assessment of Proteasome Inhibition for EXtending Remissions (APEX) trial in which relapsed myeloma patients were randomized to treatment with single-agent bortezomib or high-dose dexamethasone. 22 Germline DNA was not collected from these patients. Review boards at all participating institutions approved the studies, and all patients provided written informed consent for the trial and for pharmacogenomics analysis. Studies were conducted in accordance with the Declaration of Helsinki and International Conference on Harmonization Good Clinical Practice guidelines. Details of this research cohort subset, clinical data, and tumor sample enrichment have been summarized previously. 25 
Mutational analysis
Tumor DNA was amplified and screened for mutations in a panel of cancer genes using MassARRAY/Sequenom mass spectrometry-based methodology. 26 Building upon OncoCarta technology, a custom panel was developed with Sequenom that detected 514 reported mutations across 41 distinct oncogenes and tumor suppressor genes (supplemental Table 1 , available on the Blood Web site) using matrix-assisted laser desorption/ionization-time of flight mass spectrometry. 27 A minimum observed mutant allele frequency of 8% was required for a positive mutant call; automated quality control was performed and all mutation calls were verified by manual inspection of spectra peaks 28 (supplemental Methods). Data were further annotated to identify and remove 3 reported variants in 2 genes no longer regarded to be somatic mutations. A breakdown of observed mutations by coding change is given in supplemental Table 2 . Consistent with reports of high specificity and sensitivity with Sequenom, 28 our results from polymerase chain reaction (PCR) testing of these samples also showed high concordance in mutation calls. We validated a subset of 50 samples using PCR amplification of hotspot regions in the KRAS and NRAS loci. Of 100 PCR validation runs attempted, 96 passed quality control. Using the PCR results as a reference, a highly significant rate of concordance in the frequency of KRAS and NRAS mutations was detected with the 2 technologies, with 100% and 96% sensitivity for KRAS and NRAS assays, respectively, and 92% specificity for both gene assays (supplemental Table 3 ).
Details of the mutations observed in the 133 tumor samples analyzed, as well as associated patient demographics, number of prior lines of therapy received, drug treatment on study, response to treatment, time to progression (TTP), and overall survival (OS) are provided in supplemental Table 4 .
Statistical analyses
Associations between genetic mutations and patients' response to bortezomib or dexamethasone, classified using European Group for Blood and Marrow Transplantation criteria, 29 were tested using a 2-sided Fisher exact test. For each gene, tests were conducted for overrepresentation and/or underrepresentation of response groups within subsets of patients who were positive for mutations within a given gene. Mutations with significant enrichment in responding or nonresponding patient groups were further analyzed to determine whether presence of the mutant gene was associated with TTP or OS. TTP and OS were estimated using Kaplan-Meier analysis. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated using the Cox proportional hazard test and P values were determined using the pairwise log-rank test. Reported P values are unadjusted for multiple testing; however, any result described as statistically significant had a Bonferroni-corrected P value of , .05 after adjusting for the number of genes tested for each association (14 mutations in the response analyses and 2 mutations for TTP and OS).
Results

Mutation detection
Tumor samples were collected from relapsed myeloma patients prior to clinical trial enrollment and subject to focused DNA mutation analysis using the MassARRAY platform. 28, 30, 31 This subset of patients has been described previously 25 and shown to exhibit demographic and prognostic characteristics similar to the overall trial populations. [22] [23] [24] [25] At least 1 mutation was identified in 71 of 133 (53%) tumor samples across 14 genes (Figure 1 ). Recurrent mutations were detected For personal use only. on April 16, 2017 . by guest www.bloodjournal.org From in KRAS, NRAS, TP53, BRAF, PDGFRA, and JAK3. KRAS and NRAS mutation detection was also independently verified with PCR-based methodology (see "Patients and methods"). Table 1 summarizes all mutations observed alongside those of the wholegenome sequencing analysis of 38 myeloma tumor samples by Chapman et al. 7 Mutations were generally .15% of the DNA detected (supplemental Table 5 ), indicating these are likely a major clone of the enriched tumor, although the possibility of mixed clonality 32 cannot be excluded. These data support the high prevalence of oncogenic RAS mutations in myeloma, as reported previously. 7, 11 There were 32 patients with KRAS mutation (24.1%) and 26 additional patients with NRAS mutation (19.5%). BRAF and TP53 were mutated at low frequency (3 mutations for each) in myeloma, which is largely consistent with results from Chapman et al. 7 Nine mutations detected in the present study were not reported by Chapman et al, 7 including recurrent mutations in PDGFRA and JAK3, as well as 1 in FGFR3, a gene that undergoes recurrent translocation but is rarely mutated in myeloma. 33 Importantly, this assay platform interrogates only tumor DNA, relying on prior knowledge that these "hotspot mutations" are relevant in human cancer, 28, 30, 31 and does not compare tumor DNA to germline DNA. Characterization of 133 distinct patients enabled analysis of cooccurrence or mutual exclusivity of mutations, and inference of which genes may function in the same pathway. Figure 1 shows that mutations in KRAS, NRAS, and BRAF were mutually exclusive in this myeloma sample set (mutual exclusivity, P* 5 .00005; calculated using a permutation test [see supplemental Methods]), indicating these well-characterized oncogenes likely act as a single integrated signaling pathway critical to growth and/or survival of approximately half of myeloma cases. Interestingly, the 3 mutations identified in PDGFRA were also mutually exclusive to RAS/RAF mutations in this data set. It appears that tumors with RAS/RAF pathway mutation generally had few additional mutations, while the remainder of mutant cases often exhibited multiple oncogene mutations in the same sample (Figure 1 ). Larger data sets are required to definitively address this possibility.
Patients in the present analysis had received 1 to 14 prior lines of therapy. To examine whether the number of prior therapies received was associated with an increased number of mutations, we assessed the frequency of mutations per gene in patients grouped by number of prior lines of therapy (1 to .3 prior therapies). KRAS and NRAS mutations occurred at the same frequency in each group (Figure 2) . Similarly, the other genetic mutations detected did not show increased frequency of mutation with increasing number of prior lines of therapy. A focused assessment of known mutagenic therapies yielded similar results. When analysis was limited to samples from patients who had received 0 (N 5 20) or .3 (N 5 35) prior mutagenic chemotherapies (alkylators, anthracyclines, and/or highdose chemotherapy preceding transplant), we found no significant difference in the rates of KRAS (P 5 .51) or NRAS (P 5 .76) mutations between the groups (supplemental Table 6 ). Linear regression modeling also failed to detect a significant association between the number of prior mutagenic therapies received and the observed frequency of KRAS and NRAS mutations (P 5 .28) . These data, together with the comparable frequencies of KRAS and NRAS mutation reported in other studies, 7, 11 suggest that prior drug exposure was not a key contributor to the observed mutational spectrum at particular sites within the specific genes analyzed in this study.
Mutation status impacts subsequent drug response
Response data for evaluable patients are summarized in supplemental Table 7 . Each gene was analyzed for an association with response (any response, compared with stable disease or progressive disease) ( Table 2 ). In 74 patients treated with bortezomib in the APEX trial, 1 of 15 patients with NRAS mutant tumors responded (7%, 95% CI: 0%-19%) compared with 31 of 59 (53%, 95% CI: 40%-65%) with wild-type NRAS. In contrast, 9 of 17 KRAS mutant patients (53%, 95% CI: 29%-77%) responded to bortezomib, which was similar to the response rate observed in KRAS wild-type patients (23 of 57, 40%, 95% CI: 28%-53%). In 31 dexamethasone-treated 
Comparison of nonsynonymous mutations detected by Sequenom screening of 133 myeloma tumor samples in the present analysis, and in a previous study 7 of 38 myeloma tumor samples. *RAS/RAF and RAS are aggregate categories including KRAS, NRAS, and BRAF mutants, and KRAS and NRAS mutants, respectively.
†Mutants detected in the present study that were not reported in the previous study by Chapman et al 7 and were absent and/or rarely observed in previous reports of myeloma tumor genetic profiling. patients, 3 of 6 with NRAS mutant tumors responded (50%, 95% CI: 10%-90%), compared with 8 of 25 (32%, 95% CI: 14%-50%) responding NRAS wild-type patients. KRAS mutation status did not significantly impact response to dexamethasone with 3 of 9 (33%, 95% CI: 3%-64%) and 8 of 22 (36%, 95% CI: 16%-56%) responses in KRAS mutant and KRAS wild-type patients, respectively. The only statistically significant association was between presence of NRAS mutation and lack of response to bortezomib (P 5 .00116, Bonferronicorrected P 5 .016). Supplemental Figure 1 shows the overall mutation profile across bortezomib-treated and dexamethasone-treated patients separately, plus best response. In light of the highly conserved structure of the RAS genes, it is unclear why response to bortezomib was significantly different for NRAS, but not KRAS, mutation. One possibility is that specific codons are mutated in the different genes. Oncogenic mutations in RAS genes cluster either at codon 12, 13, or 61 and recent reports suggest specific cellular signaling may result from activation at different hotspots. 34 Therefore, the apparent NRAS specificity could be confounded by hotspot bias if 1 mutant codon in NRAS conferred resistance and mutation within that codon was absent from KRAS mutants in this data set. The observed effects of NRAS mutation in the present study might have been explained by the fact that codon 61 is mutated more frequently in NRAS than in KRAS 10 ; however, as summarized in supplemental Table 8 , this possibility is not supported by the current data set. The NRAS mutant cohort included 12 cases within codon 61 (1 response) and 3 within codon 12 (no responses). Among the response-evaluable KRAS mutant patients, there were 10 cases of mutation within codon 61 and 8 cases of mutation within codons 12 or 13; both groups exhibited a 50% response rate to bortezomib (supplemental Table 8 ). For both genes, these codonspecific mutation rates are consistent with prior reports in myeloma. 12, 21 Thus, the lower rate of response to single-agent bortezomib was linked to mutations in the NRAS gene specifically, rather than the location of the mutation in either RAS gene.
Mutation status impacts TTP
The effect of KRAS or NRAS mutation on TTP was tested in 113 evaluable patients with available mutation data; of these 113 patients, 83 had received bortezomib and 30 had received dexamethasone (supplemental Table 7 ). This analysis revealed a significantly shorter TTP in bortezomib-treated patients with NRAS mutation compared with NRAS wild-type (HR 5 2.4 [95% CI: 1.3-4.7]; P 5 .0058; Bonferroni-corrected P 5 .012; Figure 3A) . Analysis of 30 dexamethasone-treated patients with both TTP and mutation data showed no significant difference in TTP based upon NRAS status (HR 5 1.1 [95% CI: 0.39-2.9]; P 5 .9; Figure 3B ). There Figure 3D ). Thus, the reduced sensitivity of NRAS mutant patients was observed for both response and TTP, and in both cases the effect was detected for single-agent bortezomib and not high-dose dexamethasone.
OS and prognosis
In this study, 128 patients were OS-evaluable; 95 bortezomibtreated and 33 dexamethasone-treated (supplemental Table 7 ). No significant difference in OS was observed for NRAS mutant patients treated with either bortezomib (HR 5 0.54 [95% CI: 0.24-1.2]; P 5 .12; Figure 3E ) or dexamethasone (HR 5 1.7 [95% CI: 0.61-4.5]; P 5 .32; Figure 3F ). The OS of KRAS mutant patients was also not significantly worse than for KRAS wild-type patients, whether patients were treated with bortezomib (HR 5 1.4 [95% CI: 0.75-2.7]; P 5 .28; Figure 3G ) or dexamethasone (HR 5 1.1 [95% CI: 0.43-2.8]; P 5 .83; Figure 3H ). Pooling bortezomib-and dexamethasone-treated patients and evaluating OS according to NRAS (Figure 4A ) or KRAS ( Figure 4B ) mutation status showed neither mutation significantly impacted on OS (HR NRAS 12 KRAS and NRAS mutation status was not linked to disease stage (supplemental Table 9 ). Although these OS data indicate that RAS mutation is not associated with disease prognosis in this data set, prior studies showing RAS to be prognostic have used larger sample sizes.
NRAS mutation and myeloma subtype
The only association found between the frequency of KRAS and NRAS mutations in different TC myeloma subtypes was an enrichment of NRAS mutations within the D1/hyperdiploid subtype (supplemental Table 10 ); however, this enrichment is not definitive (P 5 .014; Bonferroni-corrected P 5 .098) and warrants further investigation in other data sets. A logistic regression analysis was done, including both NRAS mutant and D1/hyperdiploid TC subtype status as covariates, to assess whether D1/hyperdiploid subtype might confound the inferred relationship between NRAS mutation and bortezomib response. Only the association between NRAS mutation and lack of response to bortezomib retained statistical significance in the adjusted model (P 5 .024) (supplemental Methods, supplemental Table 11 ). We also determined that NRAS mutant cases showed a reduced response rate relative to NRAS wild-type in both D1/hyperdiploid and non-D1/hyperdiploid TC subtype patients (supplemental Table 12 ).
Discussion
This report describes a mutational analysis of 133 purified myeloma samples, with interrogation of specific mutations across a panel of 41 genes previously implicated in oncogenesis. Limitations include the small sample size of certain mutant subgroups and lack of germline DNA samples to demonstrate that the observed mutations are somatic. Despite these caveats, these data inform both the prevalence of these oncogenic mutations and indicate an impact on patient outcomes after therapy. The similarities in the prevalence of mutations, particularly in genes of the RAS/RAF pathway, to those reported by Chapman et al 7 are notable. Chapman et al sequenced tumor genomes in 38 myeloma patients, with an equal mix of newly diagnosed and relapsed myeloma samples included in their data set. Samples in the present study were from relapsed patients with highly variable exposure to prior chemotherapy; however, the frequency of observed mutations did not correlate with the number of prior therapies received suggesting that prior exposure to chemotherapy drugs was not a key contributor to the observed mutational spectrum at specific sites within the genes studied here. Importantly, 62 of 133 tumor samples analyzed in the present study did not show mutations in any of the cancer genes in the panel, highlighting the limitations of studies that preselect genes of interest. These findings, along with data from Chapman et al 7 and Walker et al, 35 suggest that additional genes (such as FAM46C, XBP1, EIF3B, RPL10, and DIS3) are likely mutated in the tumors of this data set. Additional genomic analyses in myeloma are needed to confirm our observations; in particular, the previously unreported mutations should be further investigated to better define their prevalence, and the observed clinical associations require confirmation in another cohort of patients.
This study identified an association between NRAS mutation and reduced sensitivity to bortezomib. In the context of single-agent bortezomib therapy, our findings indicate that mutations in NRAS but not KRAS have a negative impact on both response rate (P 5 .00116, Bonferroni-corrected P 5 .016) and TTP (HR 5 2.4; P 5 .0058, Bonferroni-corrected P 5 .012). Interestingly, this impact was not observed in NRAS mutant patients who were randomized to high-dose dexamethasone in APEX. Although the number of dexamethasone-treated patients is relatively small and additional work is warranted, these data indicate that the impact of NRAS may be drug-specific. Several potential confounders were ruled out as explanations for the NRAS-specific or bortezomibspecific effects, including codon bias in RAS genes, International staging system (ISS) disease stage, and number of prior therapies; the NRAS mutation effect was independent of each of these. Additional experiments should be conducted to rule out potential unrecognized confounders and directly test the effect of NRAS status on sensitivity to bortezomib. This research could be pursued in 2 ways. First, independent clinical data sets should be examined in a manner which permits direct testing of NRAS mutational status and sensitivity to bortezomib. This might be done, for example, with small institutional data sets, alternative clinical trial data sets, or the CoMMpass registry (https://research.themmrf.org/) of 1000 newly diagnosed myeloma cases. Second, cell biology experiments designed to manipulate the NRAS (and KRAS) gene should be conducted to investigate gene activation and relative sensitivity to bortezomib. These experiments have been initiated and will be the subject of our subsequent reports. In light of the complexity of testing antimyeloma therapeutic agents, particularly proteasome inhibitors, in tissue-culture systems, the latter approach will involve some significant caveats.
NRAS mutation did not significantly impact OS in patients treated with bortezomib or dexamethasone despite the shortened TTP in these patients following bortezomib. A partial explanation for this finding could be the apparent enrichment for D1/hyperdiploid cases in the NRAS mutant group, as hyperdiploid patients generally exhibit good prognosis. 36 As this enrichment may not be statistically robust (P 5 .014; Bonferroni-corrected P 5 .098), further investigation is needed to discern whether there is a genuine association between NRAS mutation and hyperdiploidy in myeloma. It is also possible that postbortezomib therapies may have been particularly effective in NRAS mutant patients, such that their OS did not lag relative to OS in NRAS wild-type patients. In the phase 2 SUMMIT and CREST trials, 41% of patients who achieved stable disease or progressive disease on bortezomib alone subsequently received bortezomib plus dexamethasone. 37 It will be important to determine whether there is a specific drug or drug combination that improves outcome in NRAS mutant patients, or if there is an alternative explanation for the lack of impact on OS in NRAS mutant patients. Interestingly, the recent report of clinical response to a BRAF inhibitor in a BRAF mutant myeloma case 38 suggests this pathway may be targeted in myeloma. In this context, a better understanding of how KRAS and NRAS signaling impact BRAF and the clinical outcome of each patient group is critical.
Although several studies have reported on the frequency and potential prognostic impact of RAS mutations in myeloma, results are somewhat variable. For example, Bezieau et al found NRAS or KRAS mutation in 54.5% of myeloma cases at diagnosis and 81% at relapse, but at lower frequencies in monoclonal gammopathy of undetermined significance (MGUS) and indolent myeloma. 11 Furthermore, KRAS mutations were more frequent than NRAS mutations. 11 Another study reported mutation rates of 17% for NRAS and 6% for KRAS 39 ; in that study and in the study of Liu et al, 12 KRAS mutation was associated with poor survival prognosis in myeloma. Other studies reported RAS mutation frequencies of 21% to 25%. [39] [40] [41] Variation in the reported frequency and clinical consequence of these mutations may relate to differences in assay sensitivity, tumor cell purity, or the patient cohorts studied. In the current study of relapsed myeloma, RAS mutations did not confer poor prognosis for survival either individually or collectively. It is possible this data set is of insufficient size to detect a prognostic effect on OS; however, an alternative explanation may be that differences in the salvage therapies received by patients included in studies prior to this study might have impacted OS.
Although some data suggest potentially distinct biological consequences for mutation of the related RAS family members, studies demonstrating a clear clinical distinction between NRAS and KRAS are lacking. In general, the mutual exclusivity of mutations of NRAS and KRAS in varied tumor types suggests that they provide similar or identical oncogenic signals. The significant mutual exclusivity value reported here (P 5 .00005) further supports this notion. However, this data set reveals very distinct clinical consequences for the NRAS mutant subset, as these patients but not the KRAS mutant cohort, were found to be insensitive to single-agent bortezomib. Thus, while NRAS and KRAS may be capable of equal signaling through the RAF/MAPK pathway, our results suggest that NRAS mutation also provides a distinct, prosurvival signal that mutational activation of KRAS does not.
As reviewed recently, 17 potential differences in downstream signaling from KRAS, NRAS, and HRAS are only just emerging. 17, 42 However, specific data support this suggestion of an NRAS survival signaling pathway. In the interleukin 6-dependent ANBL6 myeloma cell line, while both NRAS and KRAS mutations resulted in continued DNA synthesis in the absence of interleukin 6, only NRAS mutations resulted in both proliferation and protection from apoptosis. 21 In a colorectal model system, 42 NRAS was less proliferative and more antiapoptotic than KRAS, and recent data suggest this apoptotic suppression by NRAS involves the STAT3 pathway. 43 Other data that support potential distinctions between these genes include the observation that NRAS-activating mutations can induce B-cell neoplasia and may be a required event in myeloma pathogenesis or evolution from MGUS. 44, 45 In summary, the reduced efficacy of bortezomib in NRAS mutant myeloma patients provides important clinical support for the existence of an additional function of NRAS and is consistent with a model in which NRAS provides survival signals. These data suggest that an important component of bortezomib antitumor activity acts at a level upstream of NRAS survival signaling and thus cannot effectively kill myeloma cells with this mutation. Characterization of the poor response and TTP in NRAS mutant myeloma patients treated with single-agent bortezomib also sets the stage for potentially improving clinical outcomes by assessing new drugs and drug combinations in specific patient subsets.
